Spermiogenesis in the translocation heterozygote T (1; 2H) 25(20) y l 25/FM6 has been studied with the electron microscope and compared with that in wild type males. It appears that the genetic lesion in the male sterility mutant is associated primarily with a failure in differentiation of the head. In wild type flies, the spermatid nucleus assumes a conchoidal shape; chromatin accumulates along the convex surface. Adjacent to the concave surface a large bundle of microtubules runs parallel to the long axis of the spermatid. A single row of microtubules is juxtaposed against the convex surface of the head. As differentiation proceeds, the nucleus elongates, chromatin condenses, and the nucleus is compacted to a final diameter of about 0.3 #. In the sterile mutant the spermatid nucleus has an irregular or wedge-shaped profile and no concavity is formed, nor is the bundle of microtubules observed. The row of microtubules, however, is usually present around the periphery. The change from lysine-rich to arginine-rich histone in mature wild type sperm does not occur in the sterile male. The substructure of the axial filament and mitochondrial derivatives, however, are similar to those in wild type.
INTRODUCTION
Spermiogenesis in Drosophila is an ideal process in which to study the consequences of gene action at the fine structure level. In this instance, a male sterility mutant established by D. L. Lindsley was utilized to illustrate a specific instance oi the genetic control of differentiation. In the translocation heterozygote T(1;2H) 25 (20) y l 25/FM6, a euchromatic portion of the left arm of the X chromosome has been translocatcd to a heterochromatic region of chromosome 2. The resulting malc fly is sterile. A preliminary investigation of the morphology of its sperm (9) revealed that the heads of these sperm failed to elongate, and it was postulated that continuity of the X chromosome was necessary for normal spermiogenesis to proceed. The purpose of this investigation was to determine fine structural and cytochemical anomalies associated with the genetic lesion.
MATERIALS AND METHODS

Fly Culture
Flies were grown in sterile milk bottles on Carpenter's medium (3) at 25oC. Wild type males of the Oregon R of Drosophila melanogaster were used for controls. The sterile males were derived from the stock T(1 ; 2H) 25 (20) y l 25/FM6, kindly provided by D. L. Lindsley (Oak Ridge). Because this stock is a balanced lethal system, cultures were maintained simply by transferring each new generation to fresh medium. Sterile male flies carrying the translocated X had the markers y (yellow) and l (lethal homozygous) but were otherwise wild type in appearance. Males carrying the FM6 chromosome (a complex inversion of the X) were fertile and were marked by y31d (yellow), sc 8 (scute) dm (diminutive) and B (bar eyes). In practice, flies were distinguished by their eyes--B males being fertile and non-B sterile.
Light Microscopy
MORPHOLOGY
Testes from adult flies were dissected and placed on a clean slide in a drop of aeeto-orcein. After a few minutes, a cover slip was placed on the slide and the tissue was squashed gently. Within 15 min, staining of chromatin was adequate to determine the shape of the spermatid nuclei in the light microscope.
CYTOCHEMISTRY
For determination of histone content, testes of adult wild type and sterile males were fixed 6 hr in 10% neutral formalin and embedded in paraffin. 5-# sections were stained according to the trichloracetic acid (TCA)-alkaline fast green method of Alfert and Geschwind (1). This reaction, at pH 8.1, is designed specifically to detect nuclear histones, any protamines present in the cell having been extracted by hot TCA.
To determine the specific nature of the histones, the deamination method of Van Slyke (18) was employed. In this procedure, the amino groups of lysine are blocked so that resultant staining by fast green is attributable to arginine-rich histone.
Electron Microscopy
Mature testes were dissected out in cold fixative and fixed for the prescribed amount of time (4 hr in 6% glutaraldehyde buffered to pH 6.8 with 0.2 M of phosphate followed by 2 hr in 1% osmium tetroxide, pH 7.6, (14) , or in osmium tetroxide alone) and embedded in Epon 812. Thin sections were cut on a Porter-Blum Mt-1 ultramicrotome, stained with uranyl acetate and lead citrate (19) , and examined in a Hitachi HU 11A electron microscope.
O B S E R V A T I O N S
Light Microscopy
Aceto-orcein staining of chromatin confirmed the description of sterile testes (as compared to wild type) reported by Lindsley et el. (9) . Heads of maturing wild type spermatids ranged from round (7 ~t in diameter) through various stages of elongation to final dimensions of about 0.3 × 10 /~ (Fig. 1) . In sterile spermatids, however, elongation failed to take place. Consequently, no heads of mature dimensions were found (Fig. 2) .
FlaVE~ 1 Oregon R. Aceto-oreein squash of adult testis. Elongated sperm heads stain intensely. X
1500.
FIGURE ~ Sterile male. Aceto-orcein squash of adult testis. Sperm heads rounded or irregular, never elongated. × 1500. 
Electron Microscopy
In wild type spermatids, differentiation of the head commenced as nuclei of the syncytium assumed a conchoidal shape (Figs. 3-7). Dense nuclear material was condensed in a thin band along the convex surface, and small grooves along this edge were interpreted as probable sites of mitochondrial derivative insertion. Condensation ended abruptly at a large concavity comprising perhaps one-third of the total perimeter, and nuclear material (presumably chromatin) appeared to be withdrawn from the nuclear membrane in Fmva~ 10 Ore R. Transverse section through late (condensed) spermatid heads (cc), microtubules at arrows, aerosome (a). Glutaraldehyde, OsOa. )< 52,500.
FmtraE 11 Ore It. Cyst of mature sperm heads having completely condensed chromatin, mitochondrial derivatives (m). OsO4. X 37,500. this area (arrow, Figs. 3, 7) . Within the concave depression was a large bundle of microtubules running parallel to the long axis of the spermatid (Figs. 5, 6; Figs. 3, 4 are oblique so that crosssections of the bundles are not visible). A single row of microtubules, probably analogous to the manchette (2, 6), was juxtaposed against the convex surface of the head (Figs. 3, 5 , 7, 9, 10). As differentiation proceeded, the nucleus elongated and chromatin was condensed to a greater and greater extent until the entire head was uniformly electron opaque; the concavity containing the microtubular bundle disappeared (Figs. 5, 9-11 ). During late stages of this process, the cytoplasm surrounding the nucleus was sloughed off with concomitant cytokinesis. At the caudal end of the head, the tail insertion was surrounded by an accumulation of dense granules (Fig. 8) . The elongate acrosome was bipartite, consisting of a dense cortex and a less dense center (Fig. 9) . The acrosome was inserted anterior to and on the same side as the microtubular bundle.
The axial filament is typical of that in other dipteran species (11) , consisting of a 9 -t-2 pattern with an additional set of 9 peripheral filaments (Figs. 13, 15, 16.) . Two mitochondrial derivatives with irregularly arranged remnants of cristae were situated next to the axial filament in the early spermatid (Fig. 12) . A dense body soon appeared in one of the derivatives, while the other diminished in size and eventually vanished (Figs. 13,  15 ). The dense body was of a crystalline nature, as has been described previously (8, 10, 20) , and it increased in size by an accumulation of dense granules at the periphery (Fig. 14) . Microtubules were ubiquitous in the cytoplasm around the axial filament and the mitochondrial derivative (Figs.  12, 15 ). As cytoplasm was sloughed off, the maturing spermatids became separated from the syncytium, In the mature sperm the tail segment consisted of the axial filament and, closely apposed, the mitochondrial derivative which was filled up by the dense crystalline body (Fig. 16) .
In sterile spermatids, the nuclei failed to assume a conchoidal shape and to elongate. Instead, their profiles varied in shape from irregular ( Fig. 17) to vaguely wedge-shaped (Fig. 18) . The single row of microtubules (analogous to the manchette) was present (Fig. 18) . Condensation of the nucleoplasm was less well organized than in wild type, forming amorphous clumps of electron-opaque material rather than regular filaments (Figs. 18) .
The concave depression with its bundle of microtubules was never observed, however. (Note that a transverse section through the manchette does not cut directly across the microtubular bundle in wild type sperm (Figs. 3, 7) , whereas longitudinal sections through the manchette commonly cut longitudinally through the mlcrotubular bundle (Fig. 5) . Fig. 17 is a section comparable to Fig. 6 , i.e., the manchette does not appear but the microtubular bundle, if present, should be distinguishable. Fig. 18 corresponds to Fig. 5 , but no microtubular bundle was ever observed in many sections like this in the sterile mutant.)
The axial filament (Figs. 19, 20) was identical in detail to that of wild type spermatids (Figs. 12,  13, 15, 16) , and microtubules were conspicuous in the adjacent cytoplasm. The mitochondrial derivative and the development of its crystalloid body were also indistinguishable from wild type (Fig.  20) . Although component parts of the spermatid tails were normal in appearance, mature sperm profiles, regularly packed as in wild type (Fig. 16) , were not observed. Spermatid tails in transverse section were often separated from the syncytium, as in wild type, but the cytoplasm was never completely sloughed off.
Because morphological consequences of the genetic lesions were concerned primarily with differentiation of the head, it was of interest to determine whether or not biochemical differentiation was also affected. To this end, the TCAalkaline fast green reaction for nuclear histones was applied to wild type and to sterile testes. In the case of wild type, spermatid nuclei in all stages of elongation, as well as mature sperm nuclei, stained intensely (Fig. 21) . When the tissue was subjected to deamination prior to staining, however, only mature (elongated) sperm nuclei exhibited dye binding (Fig. 22) , as reported earlier by Das et al. (4) . Sterile spermatid nuclei also stained intensely with alkaline fast green (Fig. 23) , but elongated heads were never observed. After deamination there was no staining anywhere in the sterile testis (Fig. 24) .
DISCUSSION
Briefly then it has been confirmed that heads of the spermatids of sterile males of the stock T(1,2H) 25(20) y l 25/FM6 fail to differentiate. Details of this abnormality as observed in the electron microscope include: the absence of some of the micro- tubules present in normal spermatids, the failure of the nuclei to assume a conchoidal shape and subsequently to elongate, and the irregularity in condensation of chromatin material. Furthermore, the normal conversion from lysine-rich to argininerich histone which takes place in the normal mature sperm head does not do so in the sterile mutant.
These observations may be considered from two standpoints: (1) What information about normal spermiogenesis may be extracted by comparison with the abnormal process? (2) What correlations can be made between genetic and morphological lesions? Can causal relationships be hypothesized in this system? First, it is suggested that normal differentiation of the head is effected by a withdrawal of chromatin from one side of the nucleus to the other and an establishment of a bundle of microtubules within the cytoplasm of the resulting depression. This bundle, as well as a single row of microtubules along the convex surface of the nucleus, is respon-FIGURE ~1 Ore R. Alkaline fast green staining of nuclear histones in adult testis. Formalin. )< 1500.
FmUTtE ~2 Ore R. Alkaline fast green staining of nuclear histones after deamination (lysine-rieh histones blocked). Formalin. )< 1500. FIGURE ~3 Sterile. Alkaline fast green staining of nuclear histones in spermatid cyst of adult testis. Formalin. )< 1500. sible for, or at least intimately related to, the ultimate elongation of the head, as has been suggested by Silveira and Porter (15) . As the nucleus becomes extended, the cavity with its microtubular bundle disappears and the resulting mature nucleus is a long solid cylinder of condensed chromatin. Chromatin condensation takes place in a m a n n e r not unlike that described in m a n y widely diversified species (5, 7, 12, 13) , being compacted in a regular fashion into filaments, progressing from the periphery of the nucleus inward. At some point subsequent to morphological maturity at the light microscope level, the histone conversion takes place (4). It has not been determined whether this event precedes or follows complete differentiation of fine structure, however. Suffice it to say, that this chemical change is a late event in maturation and must be essential to normal function.
Second, the genetic constitution of the male sterility m u t a n t is as follows (9) . T h e X chromosome has been broken in the euchromatic region of the left arm (region 20) and translocated to a heterochromatic break in chromosome 2. There are no detectable deletions in either chromosome. Consequently, abnormalities suffered by the individual carrying the translocation must be attributed either to position effect or to a lack of chromosome continuity.
One of the most vexing problems in a situation of this kind is that of cause a n d effect. Clearly, a genetic lesion, in this case neither a mutation nor a deficiency but a chromosome rearrangement, has resulted in the formation of sterile males. The effect is specific to the extent that differentiation of the head chiefly is affected. Subsequent failure to complete the final steps in differentiation into mature sperm, i.e. the sloughing off of cytoplasm, appears to be a secondary consequence of the lesion. The primary morphological effect cannot be ascertained by the present experiments. It is clear that the organization of the head--lts shape and manner of chromatin condensation--is affected, that microtubules are also involved, and that a biochemical transition fails to occur. The causal relationship of these events is a matter of sheer speculation. As has been observed before in a similar system, eye pigmentation in Drosophila (16), a relatively specific morphological lesion during differentiation, results in an array of defects in the mature individual.
One possible means of attacking this problem of causal relationships might be via an attempt to make phenocopies of the sterile sperm. Specifically, Colcemid inhibition of microtubules (6, 17) could provide some insight as to the importance of their role in head elongation.
